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SUMMARY

This paper is based on a talk given by John B. Large on February 1, 1968,
at the Univeraity of lemnessee 3pace Institute. Thc talk was part of a
short course Qr noise generation and suppression ir alrcraft,

“The paper discusses the present state of the development of techniques
for the suppression of jet noise, The theoretical models on jet nolse
are mentioned briefly, and the "design principles® for jet noise sup-
pressors are discussed in detail, In defining the generaticn of Jet |

f noire, the following three separate velocity regimes are considerc?z !

(n) vé Regize (low speed jets) !
(v} V8 Regime (moderate speed ‘ets) i
(e) v3 Regime (high speéed jotns

The discussion on jet aolse suppression considers each velocity regiae
separately, taking into account the extensive overlap between the regimes.

e )
1 i
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AL Thes

I. lntroductioni

The subjsct of discussion in thig paper is jet noise suppression, Ve

! will start off by defining what ve mean with “"sippression of jet moise.”
f Jet noise refers to the broad-band acoustic rediation fram the exhaust

| of a jet engine. Whereas the noisiness of the radistion depends on the
| subjective resction of the individual listener, ve, as engineers, use s
i standard, weighted integral of the radistion spectrum to arrive at an

l annoyance value of the nolse. 3uppression of jet noise therefore in-
dicates 8 reduction in the acoustic power output from the jet in such

e manner that a lowver annoyanoe value results, The acoustic radiation in
the riear field of the jet causes a considersble loading on the aircraft
skin, and wve may define near field suppression as a reduction i{n the
overall sound pressure level., It is significant to note that, ideally,
the suppression must be sccomplished without any reduction in the me-
chanical power of the jet, '

The probleam of jet noise suppression hes existed for qufte a few years.

i It first came up in connection with the devel t of large turbdojet

, engines during the early 1950's. & considersble amowmt of work on

! suppressor nossle design and deveiopment wes sccomplished by the sir-
craft and jet engine manufacturers from that time wntil the end of the
decade, at which time the concept of turbofan engines decame & reality.
These engines offered a significant relief of the jet noise prohlem,

KRecent events have resuited in renewed effort to tackle the problea of
; jet noise suppression. It wvae realised that the high velooity after-
‘ turning engines for the supersonic transport aireraft eould create a
i rather high noise level, and noise suppression devieces would therefore
seent &8 desirable complement to these engines. Consequently, Bosing
, 1s carrying out a development program simed at suppresaing the nolse
J from high velocity engines.

The eatablishment of stringe.t noise restrictions st major afrports in
the U. 3. and Eurcpe, and the simultaneous development of more powerful
turtofean jet enginea have led to sttempts at suppressing the noise fram
low veloelty jets., Thie development must, of courss, be accampanied

by efforts to ryduce the compressor and turbine noiss in turbofan

‘ engines. However, ths lower frequency jet noise dominstes the sound

; field during s majority nf aireraft opsrations. Figures 1 and @ slwov

: the perceived 0oise levels ceused Uy the individual moise sources on a
’ typicel medium renge turbofan-povered aircraft. 7The jet noise is seen
0 dominate ot the higher tarust settings and st greater distances from
the aireraft.

!
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he 'Thoopiera en Jtet Nolao Oererntion

it {5 rot the inteat to give a dizcussion of the theories of §ct nolise
generation mechanicng in this papor. A brief revicv is in order, Low-
over, so thatl we may irdicesnte topics of present interost.

The werks of Ligathill, Ritner, Ffowcs Willinms, and soveral otlerc
appenr 0 agres that ia the Jot velocity regimes of subsonic ard low
a_pc sonie flow, jet nolae radiation is dcminated by sound pgeneration
of eonvected turbulence in the jet efflux. Wo call this the V8 repine,

eeauge the total sound powor exigsion varies vith thd eighth pover of
the flow vclocity. . .

at highes supersonic {low, this relationship must rnecessarily Iail,
since otherwise we would be faced with the impoacidle situation of
sound pownr ecmission cxeeeding the available mechanical power of the
jet. We can thercfore state as a8 fact that an upper limit for jet
noise rad’a.101 25 a fimetion of velocity will approach a third jowor
rclationship at high velocities. Theorctiesl developments on super-
conic Sets by Ritner ard Flowsea Williams predict Mach wave racintion
fron Lie jeu, ircrecsing in intensity as the third power of velocity.
Ar additiconal source of ncise is the interaction between turtulcence and
the atatlonsry shock pattern in supersonic jets. The question of which
mechaniza doainates the nolse radiation will be considered later in
ihis psper.

e nolse from jels at low flow velocities has been discuisnd mainly
?y fowes Williras. Depcending on the roughness of the flow upstreaa
o tne let nozzle exit, "dlpole" noise generated in thir region may
overvheln the "gquadrujole" noise up to a nozzle exit velociiy of

10C3 "t/sec for cold flow. We cnll this tha V° rezime, because tho
total zound power varlos with the sixth power of the flow velocity.

Az we will discuza lster, this internnlly generated rofse is of inter-
ost in the supprescicn of jet noise {rom turbofan enginss,

To swnorize, we sy conslder three zeparate veloeity rezinmes in de-
fininy the rolze penerated ty tJ‘uVl“n‘ Jets., Turbolel engince dovele
cred durinr the 1950'3 opecatc in the vclocity regizme dominnted by

V8 rolse. The n*incs used in currant S3T desipna will operats at
surwrsenie fet exhousd veloclty in the transition regine betwcen Vv
n6 Y3 dunlnnted nolse crisalon. Finally, high bypnsc ratlo turbofan
er.olons currently bedng doveloped operate at subsonic jot exhaust
veiccitles fust above the regimo whure VO roise becozes appreciable.

3, Heldewvrmen 97 el Nofas Theory to Snprrezaion
We nay now nese the following question: How do we apply the theorics
of jc~ nolge towaid suppreasing the noise froa s particular jet enpine”

if we, for rxample, conzider Lighthill's expression for scousiic powver
«nisaion from subsonie jotis,

Acoustie Poser = f] av8
P

o o

e - —— . —— — —_— 4 = S e Smamrtead

- -——
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wa rcalize that the omly frne Farmeter s the urknown conatant,/K BN B
which depernds on the level of turbulereo in the jet. Lighthili¥s R M
pow:T lew L5 conaequently of very little help as a guide to tho’er;ineor. Wt
in order to e¢mphesize this point, we apply the formile to a multitule. o
SUpprensor nozzle with N tubes of cyual croms-sect{dnal area, Accord= . - |
ing to arpuaents by Ritner and Ffowcs Williams, the totnl nolse per

unit -c.unh is greater iy n factor JN than the corrccponding value fo: :
a aingle jot, o that Lho wultiple jet produces ag nuch pownr in its . - . . _
An.~4n1 mizing reiion (of length proportional to D/JK, where D is the - T e
let dinmoter) s does the aingle et in ita VI times longer mixing -
region, New, a multiple-nozzle suppressor is known to reduce the

jet noise emission, 0 tha theory is apparently inedequste in this
application, We will return to this point later in the paper.

Tta lack of tlcar theoreticnl guidelines has forced the study of fct .,
rojze suppressors to rely on intuitive ideas and paramctric investii-
catiens, Certain design primeiplos have evolved {roz the alnost count-
less suppressor nozzle configurations which have been tested ovar the
years., None of the:e rrinciples 13 vell understood or docuteniced, and

A ru.ter of conflictiing explanations of the physical mechsnisas in- .
volved haove bSeen advanced. . o~
In the following sections of this paper wve will examine various

circaca of supprecsor nozzles. The design prineiples which have been
invoxed will bo discussed, and an atiempt will be made to explain

the mechanisas involved in the suppression of the noice.

I1I. approancion of Jet Noiges

In the discuzcaion nbtove, we divided our treataent of th: Jet flow into
three zeparste walocltly regimes, each charactorized by a do=incnt nolise-
penerating =echanisn. T4 will be convenient to nmalstain 8 siailar
sepeeaticn when cxxmininc Jet roise suppression methods, even thoush

Lhe veloeity repimes orerlap Lo such an extent that the dividing lires

asy nnponr rather extificial,

“he pionzeri.g work on jebl noise sunpreasion dgéinc the 1950ta dealt
almost excitnively with jets operating in the regizo, and 1t will
be aprroprinte to consider this rerine first. o

Ao oot Nolae urewasaion (9 the V8 Eaprlmg

Pefore polng oo the deseribe methods of jet nolse suppression, ve muss:
dlc.ouss the following question: Which part of the jet flov should we
toctiie In order %o obluin optimum nolse suppression? Cr, staled more
evilicitlyty dhere in the et are the prime sources of noise located?
<inee 2o aTr exmaining the ¥8 rerime, ve restrict our discussion o

v ‘rupole nelse generation, It tums out that there are twvo zain,

op, onlng cninions on the problea. -

—— e et Sr——

theosore con~only scecptad roint of view, sdvanced by Ribtnor, §3 that

the doiinnnt sources of o locstod in the zixing reglon of the
RIV SYM - OIEL/VE | no. D6-20603 N
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.je In the fully develoyped purt of the jet, the nolsc pvn'~1t d per

unit leapgth varfus inversely with the seventh power of the diziunece
froz the jeu exite The neise pcneration in the transitior rupion

and the fully develcpsd jet is assumed to decrease grocdusily with
distance downstiream, ag chown in Fipure 3¢ Some experimentul cvidrnce
for tils point of view has been cbtained by Mollo-Chriatersen in &
esrefully controlled experimoni in which he measured the pressure

field just outside the jet bowndary as a function of the digtance down-
stream from the jet exit,

In a recont unpublisted work, Ffowes Willlems ergues that matchirng
the two eurves of scund output pqr unit length in the mixing recgion
and the fully developud jet, as in Figure 3, zoy be mislcading. lle
suprosts that since we do pot know the relative values of the nolse
periernted {rom the twe regions, &n equally plsusibie distribution i3
the one shown in Figure 4. If this is indeced the casc, then the dom-
inant scurces of noiso could be found im the region between 10 and

20 diamaters downstrean {rom the nozzle exit. Recent experizents by
Pottor and by Maestrello appear to support this<point of view. In
particular, Mceatrello's results indicate that the szound sources of
gaximui intensity are located at lcast 10 nozzle diameters dowhstrean
frcu the jot exit. Dotn the theoreticel snd cxperizental consideraticns
invoived in determining this problem are still under siudy.

In view of this, it is not possible to reach a definite conclusion
as to the location of the dominant asources of noise in the jet. in
the followinz ciseussion, vhenever an attempt is made to explain the
mechaniszs undarlying the design principles, the uncertainty musi be
kept in‘mind.

1. _Mxing Nozsde Jet Nolar Surnregaorss The name "mixing nozzle"
refcrs to the large class of suppressors whlch presumably operate

on tne principle of entralning surrounding air into the jet flcw in
order o shorien the mi:ing region and to reduce the mean veloclty
grad’euts, This class includes multltube norzles and mu.tilel: or
corrt :ted nozalos. Zxamples of mixing noziles ere shown iy Fipures

5 and G. In designing mixing nozzles for optimum noise suspression, we
epply three main principless (i) Jet exit geomotry, (11) Ventllatiion
(access of sccondary air to irdividual Jet streams (iii) Flow
break-up (rumber of indivicual jet stresas).

Ir spplyins those puinelplos, we must remember that the suppression
ta: to be accomplished *ith & minimum performance loss of the en-

ginas  Fach of the principles of suppreisiom requires for its con-
picte and sepnrage definition a good deal more inforaation than is
rrogently available. Lven so, they have assislaed in .he desigr of
auprre ssors which cause the total acoustie power generated to drop
to cne-thirtieth of the unsup ressed noise, or a 15 dB reduction.

(1) Lgijbf,ﬁjq I¥ = in Figure 7 we have cefined some of the para-
netors of intercat in the design of mixing nozzles., Wo have showr

a multitube nozzle, and in the following discussion we will rectrict
ourselvaa to this kind of mixing noszle, with the undorstanding that

* ' '
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Ure lmporiant p:;rametc:“ga’ the ares ratio, which ve defire a3 (L
ratio of the sres circumBeribing the mixing nozzle to the ares / -
of L origtnnl jet noazle, - Incrddsing the arca ratio lends o an
nerease in the rate of secéndary afr mixing. This premotes the
developzant of the gelfSpreserving jct closer to the nozzle exit,
s0 that low [requency noise suppressior results from the shortening
of the transition repicn. . We knov that a naxioum amount of noiyc ,
suppression ocecurs when the spacing Setwoen the irdividual noz:
elements npproximatoly aquals their diameter, causing the jets zo
interfare at the end of their mixing regions. Thie eriterion would
seen to define an optimum spaeing, or area retio. A3 the area ratlo
i3 inecreased further, wo quickly reach the point at which the elexcnta
are so widely spacnd that t behave 1fke individual jets. The su3
of their acoustiic powers is®W¥en equal to that from the single prirary
jet, 30 that the only effect is the abitt in the characteristic
| frequency of the noise. , :
As 1% turng out, however, the optimul aroa'ratio is not unique., It
veries.wlth the geometrical arrangement bf the tube elements, and »
increonses with sn increasing number of jets, as shown in "Figure 8. One
: reasor for this effect i3 thet as the number of tubes in the suppressor
' nozzle increases, it become® more difficult to provide zood access
of g~condary air to the center part of the nozzle. Consequently, it .
\ i5 neecenonury, when the number of -tube elements i3 large, to increase

the spaeing between ihe clements to-a value beyond the optimum in order
Lo ;rovido good ventilation. -

{11) Ventllation.- For simple enses, it is possible to compute the
erogs-seciionnl aref needed for mdequnte secordary alr ncecess to di-
vided rnozzle elements from théaoreticsl considerations of jet mixing
cequiremontis. However, this.compufation becomes less accurate when
it 13 applied to hot jets, or to 8 mixing nozzle with complex elemen—
tal nozzle tcrminatiOﬁs. :

It has
is;mn

”h"

bvc.
rom the nozzle should be” aa ‘good ag possidble. The effeet of
tive wax Figure 9' illustrates on experiment by Holls-Royce ¢n ven-
tilation effccts., The graph shows the varlation with jet velocity .
¢f the noise from & hexagonal array of 55-nozzles, and a square array
of .” nozzles, compered with that from a single circular nozzle of
the snme total ares, Despite its smaller area ratio and smaller
auiler of jet elements, the square array gives the greater attenuation,

mnintained that access: of accondary alr to every jet stream -

lon“ on noise cuppression, however, is known only in a qualita-

r~

ter of
lation

—— A

i Reeent
' lation

ol

AD 1585

This must be attributed %o the casy access of secondary air to the cen-

tre square array in comparison with the relatively Foor ventie-
of the hexagonel array. : e

investipations by Boeing have shown that the effect of venti-
on the noise suppression diminlshes as the jet velocity i3 ine

erenced, and becomes negligible at Jet,pressnre ratios above rprrox-‘

inntely 2.0 ta 2.5. Figure 10 shovs the perceived noise suppression’
achicved with a five siot nozzle as ‘the " secondnry air access routcs are

Tt ' . ’ —
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inercnainmly blocked off. At fet prussure rotios of 2.6 and 3. O

the offcets of ventilation nare praciicslly ne"li;;lblo, where Gy B

8 fat prencure retio of 1.8 there i1s a preat loas in. ine rolze s'.:p- .
r resaion a5 ventilation i3 reduend. Figure 11 shou:. this to te due to
ra dnesctza In Mph frequeney noise, which i3 presuzably gonersted
clo.:c 10 the nozzle cxits,

Cnme ¢Ivect of vontilation, however, is maintained cven at high
Frensure ratios, The losa in meszured fei thrust incronces s‘:,.. :i
cantly as the ceeendsry air aeceas §3 blockeds This cen bs account:d
for fro= consiceration of the tese drag.

vi08)  Tow Bre~kolip - Break-up of the flov into a ruater of irdivi-
cunl lct sireams by menans of multitute or multilobs nozzles haa

Lesn ghown to result in large azounts of Jet nolse suppressicn, This
rerult 45 subleet to the condition that the gpacing totween the indi-
vidunl let clc‘xem.. be spproxiastrly equal to their diameter, in the
case of c‘rcular elcacnts, or their width; in the case of lote
elenentis, .
We will {llugirete: t'.‘:e ellcet o:‘ 'ﬂo'.' break-up by considering muit
tube nozzics of comatant area ratio, but with on incressing nuvier oi‘
flou :::‘a:s. Figure 12 shows the variation in the jet noise spect.ra. It
..y 3 that two z=aln elfectis ré-'ult froa ircreasing the nunter of
.‘cr. clc-m t8, Tuae cexinant reglon inm the nolse speciria is scin w
shift 10 higher “rcquc:-.c-e.. wi‘.h an ircrense in the nuaber of s,
“his 15 accozpnnied by a continuous drop of the high frequency part of
the crecimun urniil, for the hypotheticsl case of an anfinite number
of tub-3, the Lizh frequencey part ro longer dominetes. T7The sound sup-
preasion ir. the low frequoncy gart of the apectrum aprears to be in-
degendent of the atlber of tudes,

(tv) Za:n) Molae Snmiracriog - Wo will attexzpt to cxplaln the nolse
seduetion mechunisas which eause these chenges in the nolse ..,mc‘.:'a,
xeeping in =ind our uncertsinty as Lo the location of the dominant
scurces of nolize in the ‘c’.. T gr..g.n-. however, we Ty e3sert what
Lhe rlgh freouency rolse g gpenercted eloser 20 the no::le. and e
low frenurncy rolse Jurtler dow': treas in the transit.‘cn rcglon ard
in she Tully-developed Jcte Demending on the polat of vicw, the
dozlnant frequoncy r-.r:'.ér. in ..I’l? roise spectriy i3 jierernted eleter
At otn end of the potential core or well into the tranaition rejlon
ol the et

Ledoreing Tacr w0 Flure 7, we wny o-l arjue that a nultielrzent Jot
concring twe sonarate Toplens whese aixing takes ,.nc une is th

nixiz e vepica oF the elementnl Seta cleza o ..‘w nozsie exit,e 7T
s et lusee 1ato a sincle let flow which pos:lcsse-'a 1-r,,.«- secle
lon. The f.m"v-"cx ~¢ of tihe noise Zenorated in cach -
clen noe e wltl che Stroulal nmunmter .D/L', vhere D 4s tie 6 3

1 tous ard e dlanclor of the coalesced Jet, reospectively.
Low T ey nolae i menerited in the mixdng rcg;o.. rnd the ir
“fon v lanm of thre "n' ere It appears haet sn dnerenze Inoth area
tudo of the moornle will hove weo effcets on thls rolsae-joneratin
~ocion. The cror’*‘;..s..ic frequencies of the nolse will te .C--‘:‘cd

————— o —— ——
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na the tran ratlo increases. lhis nffcct iq augn cntcd by tho 1nc~‘n~ed
rate nt which the Jet flow veloelty.is rodaCnd.n Incrensing the arent
ratio rlso 1ands 20 menter rate of mixdng with! tno ‘surroundiny nir,
yroao A the full dOVc]up.nn, of the jet closer o the mozzle rxits
The con: cqunn: shorieniny of the mixing region.and the trensition re=.
cion of the coalesced Jet account'for the suppression of tho low fre=.
quency noise, . R

T e e ————————

chrrcteristie fr:qucnc*ca of the noise generated in the mixing
on of the elemental Jeis will ineréase as the dismeter of the
ed, This accountis for the frequency 3shift of Lhe dom-
the gpectrun with incressing nunbers of flow tubes, as
n Fi;ure 12, Tho suppress ion of the high freguerncy nolse
itter of conjecture. We know that incrensing the spacing
2 clemeninl Jets lends to an increase in the h gh fre-
3o, Presumably, this results from the increased length of
! ‘nuly acting elemental jets. It hes been suggo'tnd that,
A some opitimun spacing, the sccondary air induced between the jet
vlenents cnuses noise suppression by recducing the meon shear in the
ftne This vi aw is partly subsiantiated by the cxneriﬂuntal otser- -
veticn tnet Llockinz off the secondery eir cceess inererzes the nigh
i frecuency noise bLNPQCviOn (Figure 11§ Hc'cvcr, a3 we digecussed
! irn on oearlicr sectior, thls effeot decrenmses with lnereansing {low
!

= ().

Faes

v2locity nnd ap,arcntly dor3 not occur at fet pressure ratios above
. thnt ay which the flow is choked, Anotner poasible supprecsion me-
charlsm Lo the sHicldlng of the high frnqunﬁcy noise, ponerated by
vane celemental Jets in the center of the flow, by the circunferential

tevs,

o Uthrv Jot Kobne Sumyrersora; Having considered 1ixxnp nozzle
supnhrescors rather thoroughly, we w*" now pgo o to a briafl diacussion
of su-nrecsor nozzies which rely on ssparats or ndditional technigues
Lo acnleve g reductlon in the acoustie power outputi,

[ ]

Vi) Jronttean] Un-nles - We define a divectional rnozzle as n sound
sumy moanor whnich oparatés partly or com rletcly on the p—‘nci v of re-

iro~ling the seoustic redintion, It nas teen delrrmined cnprrimern-

‘ 1% tant the nolse radiqtlon oattern from a slot or veclangulnr

| w0l s s1liplical atoud o et uxi,. The signifiecance of <hy ellip-
TLeloneloe pattorn begones roparant 10 we recognire the reguirinent
s o orrersoor in terms of §ts operational uze. While it is deairable

o achdeve large nolcze reductions ia all directions and uncder all opera-

rudinure woward the caumunity as the aireraft flies over.

3vc*a1 investigations into ihe nolse-suppressing cunlities
PLCS H ve been conducicd, Fijuv: 13 shows the resalis
articular type. It ig of intercst to note that, in
~idern~Lo noize suppression in “dhe direction nor-

s of the nozzle, there is also a reduction in the

We may reformulate the design princi-

ot yant,
ol ziotud n
whLLnag Wi
sdcition o
mal W the s

vOola wdCusile redietion

lonal conditiony of an aircraft, the primary vim i3 to suppress the noise

o . -
- ; }aus OF noise suppi=inicnio state that a reduetion in the sound jowe
-
.- | ey .
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lPAbL 15 e

- Best Available Copy

-




R
i

ovtained
e provounc

Le o 1ncrc“,o in

t’!i:'"l. uio.‘ i .i

.o
~

tov
T mrinly
nO": o cx.t,
3 Yhan
.cg*on of
he 10").‘

3
~ee

ed
[oald

~ R
seshn oho

4%

(a2
19} o

sdnquency
limdted
Live

o0

Y

n

wl cl
(‘\

he snort sides of

(
device.
entreined air‘;ow
auimcnted 3 & lower
output
ejector cystem
Jot noisc.

-

'R ¢I")"
hc cyli
vclocity.

.ol
LS

SCCs

Investipgations heve

{5 requived in order

rolss reductlon, -iddle
nozrle with.ejeclors of

o Ve

gn ¢lector length of

4 ae
W' S

thn ovicr of

what the ki

u-dcu, wherens tae 1ow !
vy 2ide mixing replon reduces the hipgh fregu.

or-systcn is primarily a2 thryst-e

of n jct 10 very as the righth power of
very attractive for the purpose ol supites

shown, howcver,

Lo pronote sulll
resulis lrom
aer~asing length, shown in

[

‘o .

1 nixing perimeter of Lh %
ty of Lthe radlation ia 1ot 5o cav
rh Svequeney noise ia mn"/vﬂl" =
noian, asupgeating thot e a TRo-
to the jet alxing vepion, )
jebt initinlly expands conaldaral;
ne long sides of the rezzle.
high mean ghear radinling hiph
mean shear in

rolet note
1

e vy

.o
J
byt

ks

]

RET
u. 4
/
4 &
13 .

-~
asia i/
o
SoaTee

/

iey

3
Whe

;
Lo h '.‘1/1
¢ primary nozzle mixes with o
rdvical shroud, rccultisng in
T we eonsicder the acoustic power
the flow veloc

o ——— | TR - . S SAM . n D )

the Jet woke,

P
19

ion
2

el

- e -

2aie ok
-UJ’ LY
~rdan e
Zal,

LR o

Weat

~ed
fer Py

-y

1L 80 exceéssive ejcctor lengs
clent mixing for & zigifican:.
testing a le conicwl
sure 14, sugies

h

I
”
i“
2 vn
Salnl
w3
Sa

20 nozzle diemeters,

LAl

“he
by uning ejecto
ejector lengil
mny TroTe Juend
Lo heve boen

\-\..u... eane

trat

EaRal
. st

Lo

achieved with

will reum
connestion

)

Lrmine

NS
1
N

-

v

o~

PY I IS a]_.,.

-~

»'l’\

:
1
-
-
1%

l..o

v ".

. c‘C

-~
-

‘.

_.ﬁl
et aa

nwve &

d

iy the ncl:

*ﬂ

o
]

Nwa “)"‘ .
PETIRES § AL I

.

e s,
19 PPC R PRV

A
v ¥

Lo e o

2ixing of polnary nd zeeond

fola!

.

fourd ‘o ¢

the

t of

irn7 surprecaoys, or
o levels in

binntien
far za

.
<
adsa

SAJ\ on the neouctice ra
10....

-
v

rr oeir will e increacsé coasicernatl
wilh nixing noz=l The

zz)
sfa
-t

Lhree nozo

-'lC

ctcry aixing under

e \dlameters,

1::‘ 2 neice cssion o
zing nozzlae nlo“,.

.
v

~
a

--o‘nw
‘e

[N Y

clector nsystens later in thiy g
n ol noise frem tigh velocily etz

-
-

3

oo
JocirT W0
o L e
s

[+

o

L ] - l;‘.‘ :.‘.. -
o~y

'A-

"
Y

.t

uat sok

salivle

sections

cct‘vn“ﬁ"s of ro
rearhy eircraflt
irection,

S
LA

o~

e
soecifiie

in re=-

< G

- ... ——— e m——.

&

~1.8

NIYPS

UCn

o culain pronounceed clats
exit slane Ly no less
Lo four dinnctoers for
Aalxing nozzle Lt of JERIRTY
(Fipure Y20).  As .x;.»Lhn,
shiela lor e P
2ned by the nolse cyectien in
Lhe mixin norrle: iz dur
sectrin is oha.t'h Lo higher

oo
Lar

;
£
ann
I

AN

[

-~
e,
~ bl
l PR
. Al

L]
i -

[ L2
Py vee

o N
‘Al\,u Vit we

REV 57

Best Available Copy




: o 7
¥ w I
i é
. e
! Vivy ST Eiag Nseelie e The de vr’o;"cnt of the typass Jev cnelns i;~
; nu ot vomatiiitue ks annuler flov mipht, under sone cenil- P
| tlroL,atieel e el ncou,:!c Fower cuspul révinlaseaunly. vne nny ”}:
’ wal sy, w s Vasls of Lishah 1".. theory, thnt the r.ol:'m .:"t"ouicn i
depvasin o rensly oa the fean veloel'y grﬁ_icntq in e Dlouw. Tar ;
3

Qo LR
A..‘-.V\.\ APEEEIE

' cuSe L v
lowrs neoucii

7y 3
- - -
. Z ..c,'.‘..:A.“- .
103 by thae
3 St
et -.‘-9:'_‘ Ve JJ.,A uJ
I AT I RA R 10.. -
s aCLTLL cre
; Alavunied abhove,

Wigved
1R Sl

1
e noLse surTT

GTaan 20T~ Lhn

3. MES AT Y T

a low srecé flow surround
y .u; eracients aimifienntly, arnd ought %o recult in a
¢ FOWLT OUtRlie

senonears Slow baadics nnnreciable.

has experizants

wf e A T ot -
! exiis of he pric
e

..‘-—-‘ .
o3 7 .

ro-

Bing the prizicy et will

. .
.

£33 reale experizent donligned W wverily tioae
2O LD ."'ir\;.r- 2€. AL low volues of the secunint
e olfeet on he nolce t,(!".(..z{cﬂ tr the primary lcet :
AL LI values of Lhe wvelocity vatio, the rols:. fener-
However, ab inter-
tR.03, the perceived nolse level velgss are alimi-

, iha.cmiing a nolce-suppressing meckatica 0f ine type”

have investipsted the ellect of
.er ard secondnry flows., It was found
colon dizappeared when ic szeondary exit

e n zzle dlameter behind the prizary cxdt plwie,

swrp s Ting Lne
Lhat Bosl of

.
Was withe

-

et

suil-ce .--A

LAy ’ A4
8
2 98 31
y g
(e o2

Mo
%
..l-.‘a
[P IR A g

. [ .
S ek WD

e v we
o —— A ——

" e . . .
AT Ll 0 T stasl

-~ e e

. . -
Legy noaubere L llnl deer

.4 B
i

LUL LallEle

' ; surpoeazor hns Leen desijed ond tealed
cmiinn (0 che mrme lacge excunia of et nolse supnrese
n:¢ full seale 2s has been dezorsira in zaall

vs::;:;-d of =i array of <59 4 .:‘cn‘
o-:ly srzecd, und rrovizied o
cegondnrTy riv }-e‘.:ccr. L2t g,

- o e

W nsor
Iunc o Wnil
T fice ol

i

.

!r
HJ
™

".
l

:‘
(A4

[}

-
3

C 4
2331 185a, 2overnl aesturiicslliy Yllaed o1
in eonjunciien with - :.':‘.t.i ‘;.h. sur: e
furiher he effesL ol RIS
a 2GSl
3% Tesulta nre Stown fn Tipares
Flpuve 21 slouws et the prinalaal oflces of
1o o« vée, lun, s eoerenan A tolle 'l;v-.. nothe I
raras in b low, and 1i'°3¢ or
e rdattien 98 recussdnlly linad ahrouds
2 lye  Jtoure &1 mlou shows Wb Wl
iu retieltice Convercaly, Wi lindd
resat wne foins Lowel foum the shandard ros2les hia

eajLCiou in vies ef our earlier élzeuzslon on ¢jector

e TT .

~n - s aga -u."-l 1 ee w.
o ottt el &4 o v

ot 3.:~-,

.
POTL PR P O“A

slrem 1o 0t

3

Te charrclertlie o R
‘ach Wave oodintion Jron tusiulcent

.

At

J

.

L/

[

)

»

)

e ¥ w—— - o - -

o = e ———————

oo ﬁzmvzz Dl wtma L O

. >

X BN 17

Best Available Copy ‘




R

wddles eomvected st supersonic veloed ties with ruupuct Lo Lhie mnenn of
; o soind in tnc satlond ncﬁrum. This radintion ia ronplr ua'lcilonul,
L. -"i.L‘n“ Troa the feb ab an onu-e of & = cos” Co/'c: wher: Ya 15 the

convacuicn veloclty of the cidics. - The secor J mochaniam 45 the poner-

atica of zound lhrourh the interzetion of the ‘turbulcres with ghn-
tlonnry shoek waves wiich are formed in ovcr-uxpandnu Oor undéer=nxLini-
éod ruparsonic jeis.

acountic measurenents w uh Jets al high supersonie velocities clcurly
irdlente he dominance: of the Mach wave radiation. lowever, cur know-
ledge is very limitad wien we atteapt o prcn;ct which noigr-rner-
n;ing nechanion dominatus at low supersonicitach numbers. Ritner's
theary of lurtulence-snocz wave Interaction is not yewn sulffliciantly
veliped 10 permit a realistic appraisal of the intensity of the
isc generated by thds nmechanizm.  The most convincing evidrnecs of
3 liaportence has been found in chadowrraph picturcs of supersonice |
L5, In which sirong acoustlice redintion’is seen W emanate Sroe
o
1

- — . ——

Q:'OC:

niized shoek recions in the flow. Disrcgarding the shock-ircucad

s: for the mcment, it is clearly evident that there is a velocily !
raacition at which the quadrupole noise ceases to do.;.“te, ard

taen wave rad intion bLeeomes importunt. Me must herc consider Flowes

cma! argument zhat, whereas quadrupole nolse ig .‘rcctlj pro-

; ortionns w0 thc cube of ths turtulent eddy scale, cud inversely

i ;'o:o.h‘o w1l Lo ine fourth power ol the eddy ime sculc, iach wave

' .Ad.;..oﬁ, or. the contrary, is inversely proportional Lo the sguare

f of e cady scnle and dircetly proporiionzl to the time scale.

: VOuu~(h€uu1j, cranges in .turtulence seales which slleviate the qua-

\ drupole =wode agn:ravate the loch wave case and vice versa. Thic

i

]

R AT e f;,

._.0
.00

..l-
’.‘
f o]
[

o
fenturs pelges the possibility thet suppressors known to be pood at
audbsenic spewds mignt well be very poor at high supersonic gpeeds.

I ver L2 - -
e iavivelazie

Jot Nalra Sinresanrs = We will discuss the ru-
15 ol tests with serle model z=ixing no-zle sup-
Pros.orTs In an alleapt w sudbstaniiate the argutents of the preced-

ing nuclionm,

.. -‘ s

.".’ll P SAT LW SO

investi; uL, nowog econductod witn a six-loba corrupnisd

aren votio lohe  The norsured perciived roise level sun-
froaacen relntdve o standnrd nornie is chown in Flgure 23 nc s
funelion o the nozzle oxit veloeiiy. The suppression is seen o
fneor oo Zith dncveacing veloeily up 1o 4 jebl veloecity of wdU0-

: “3iv Suufsnce, Walch corresponds to conic eddy convection veloeit

«lin cooreet o tae zound :rold c¢f ihe surrounding.air, At higher

»

] o
[STITTN

[}

[ AY

veieeiiled, Yha 3upprussion €ecreases rapidly with increasing ;
LU VOLoTi VY. J :

T iTort oo of Lostn was donducted Wiih a 37-tule suppressor |

nonele o7 Lrea ralie ".6 , in which cuch elemental wulce ondced in o

Sorr. e rnavel:, ‘10 < snows the measured SUprTL s sion

Taulty Lovae the novaie oxit vcloyi;y. I% 13 apparvent tet, in this

.

; ~ o e, wub oaisn :ur,.busion is maintained ¢35 the velocity 1ncrczsos
- - z vold 500 £L./sce.
:‘. Ce oo e - —— ———— — -
- p o N '_:. "y
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: PR Lo taproved Rieh velocity perfomannee of i b
' S .ul‘uLAn; mmhuc". The lurgs rabte of nladng
! S coonlls dn o2 rnnld deercese from
; e inlilal flew weloeiny.  ag lon ns the veloeivy ef Uhc uuﬂavuvud .
: Slow reraing lus. “honooprroslosiely 25 et
: T v nasion chorneueristicse IL iz,
! Lierelura, apperent dhal whe imiting factors for the uze of nlxing -
uorslo guprrensors o high specd Jeun rcducc L0 the pernmaisaivle
; in acrodynamle drag and nozzle welpnts, e
' '
deodentar Seabe ~awer = In Lthe preceding seetlons we have 5
, e tunosn uhe wmsrene of Righ o opeod nolso- l~nu:azinn rochenisns ; !
| st Jet veloeities of nynroximately 2500 fl./u 1V appears Lhab |
i Geer w ain any noloe suppression Ifrom brvu;—up ol o Lirh {
‘ o, ond Mlow, we muse ”-mulL.n-ousl; affesy o cunsideraile recuction in
Wy e ~licit in the develorment of .
: Ve heve mentloned curlicer In

“
1C ﬂombinnt.on with mixing
; ne 2 inz o ¢ primary jet ond sceenlary
' Li, u:alu-ng in u reduece vclocity sumacnieé flowe The high tez- i
rorocure of Lhe 33U engine !z exbaugt nmekes the usc of s nixding '
nonale a compilcuted engdincering prodbla:, and therefore, the initial
Juy:rcs:or" »o be usad on the 35T may censist of o series of re-
vrnetal ofr.cting into the flow frem the ejlector wullse.

: ravlieuln ; vhe nosnlce=nlector comblnaztiion produces as much

seranva

Prveasion Lo obtained,
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An ot eanitle, for an rngine hnv’ny 1 Jeb exhnual veloeivy of < rox=
inatly 3 OO TS mece ut moximum thrust, the V& neise will Le L db
Eivier an the VO rolse, aceording to Lhn atove n~"~nazions. nigh
Lipeng ratlo turbelmy engines currently bLelng cvvoloy|d have u pri- |
w Jet exhaust veloeity of approximately 1250 ft./sec., &t uk‘ch

Wa mugt admit Lhatl the
...h(_,..; wie eatimal
fagtor., Jons expoerimenal

Lests with air jols in whic
nouzle exit varicd, Fipae
power emission wi

Qiflorant upgtrasn {low con
flow shows a 10w noise level
ol tne YWiivn

jes veloelty.
T

nozzle, the noise level is

thr fivst cn SU, rnd 1t increases as the sixth power ol the jet

velocitye The Intersection

velocd

Furter evidence ie found i

b o« wo refer buck to

wren w3 ane 2. The
hl

wie ot VL-péiLy is lowsred
o )

4 our culeulations show both sources of noise
precdéing ealculations are tuged on orivyr of

es only, and could b

th jet veloeity I

w abtove wrnich ihe Ve n

0 bue of equal

nooerror by 2 consicderatin
cvidence, however, has been obtained in |
ch the turbulencc level upsirenn of th !
26 chows Lhe increase in the acoustic ‘|
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